In young sun-like stars and field M dwarf stars, chromospheric and coronal magnetic activity indicators such as Hα, X-ray and radio emission are known to saturate with low Rossby number (Ro 0.1), defined as the ratio of rotation period to convective turnover time. The mechanism for the saturation is unclear. In this paper, we use photospheric Ti I and Ca I absorption lines in Y band to investigate magnetic field strength in M dwarfs for Rossby numbers between 0.01 and 1.0. The equivalent widths of the lines are magnetically enhanced by photospheric spots, a global field or a combination of the two. The equivalent widths behave qualitatively similar to the chromospheric and coronal indicators: we see increasing equivalent widths (increasing absorption) with decreasing Ro and saturation of the equivalent widths for Ro 0.1. The majority of M dwarfs in this study are fully convective. The results add to mounting evidence that the magnetic saturation mechanism occurs at or beneath the stellar photosphere.
INTRODUCTION
Magnetic activity of low-mass stars, specifically M dwarf stars, is of significant interest to multiple areas of astrophysics. Magnetized winds are expected to be the dominant rotational breaking mechanism in main-sequence M dwarfs stars (e.g. Bouvier et al. 2014) as well as the dominant orbital breaking mechanism in post-common envelope binary stars (e.g. Muirhead et al. 2013 ) and cataclysmic variable stars (e.g. Skinner 2015) , both of which often contain M dwarf stars. Magnetic heating of M dwarf chromospheres and coronae results in high-energy radiation (e.g. Stelzer et al. 2016; France et al. 2016 ) and likely also coronal mass ejections (e.g. Kay et al. 2016) , all of which have implications for the atmospheres and surfaces of orbiting extrasolar planets.
Magnetic activity, broadly defined, is commonly probed using a handful of observational signatures, mostly through its effects on the stellar upper atmosphere. The equivalent Corresponding author: Philip S. Muirhead philipm@bu.edu * NASA Hubble Fellowship Program Sagan Fellow widths of Hα or Ca II emission lines are common tracers for magnetic activity, originating in the chromospheres of stars, as they do in the Sun (e.g. Noyes et al. 1984; Soderblom et al. 1993) . Another signature of magnetic activity is X-ray emission, originating in the hot corona (e.g. Pizzolato et al. 2003) , as well as radio emission from electrons accelerated in the stellar magnetic field (e.g. Stewart et al. 1988; Berger 2006) . Though, a random measurement of a chromospheric emission line or X-ray emission may capture an active flare and not be representative of a star's quiescent state (e.g. Paulson et al. 2006 ). An interesting feature of these magnetic activity signatures is the saturation with stellar Rossby number Ro, defined as the ratio of rotation period to the convective turnover time. For Ro 0.1, stars show a log-linear relationship between the strength of magnetic indicators, normalized to stellar luminosity, and Rossby number; however, for Ro 0.1, the relationship is flat. As Ro probes magnetic field generation in the rotating and convecting stellar atmosphere, the saturation mechanism takes place somewhere in the rotating convection zone. The saturation is observed in sun-like stars (e.g. Pallavicini et al. 1981; Wilson 1966) as well as M dwarfs stars on either side of the fully convective boundary (Newton et al. 2017; Wright et al. 2018) .
The nature of the saturation mechanism in unclear. Proposed scenarios include centrifugal stripping of the corona (Jardine & Unruh 1999) ; however, this scenario does not explain saturation in the chromosphere and has since become a preferred explanation for super-saturation seen for Ro 0.01 in X-rays. Other proposed mechanisms include reaching a maximum filling factor of active regions in the photosphere or saturation of the dynamo mechanism itself (Vilhu 1984) .
If the saturation mechanism were a process confined to the stellar chromospere or corona, we would not expect photospheric magnetic activity indicators to saturate as well. However, Reiners et al. (2009) used Zeeman splitting in photospheric FeH lines of M dwarfs to show that the average unsigned magnetic field in the photosphere saturates as well. This suggest that the saturation mechanism lies at or beneath the stellar photosphere, and not in the chromosphere or corona. The investigation used rotational broadening of absorption lines instead of photometric rotation periods to estimate Rossby number and required an interpolation method to convert the FeH line profiles to an estimate of the unsigned magnetic field strength. Recently, Shulyak et al. (2019) measured unsigned average magnetic field strength using Ti I lines in z band using data from the CARMENES exoplanet survey (Quirrenbach et al. 2016) . They used photometric rotation periods and compared the magnetic field strengths derived using FeH lines to the strength derived from z-band Ti I lines. They found that at high v sin i it is difficult to determine the magnetic field strength from FeH lines alone due to degeneracies in the derived parameters. However, they did not investigate the magnetic field strength as a function of Rossby number, and nearly all of the targets have Ro < 0.1, making it difficult to establish whether magnetic fields in the photosphere saturate across the Ro ∼ 0.1 saturation point.
In this paper, we report on the magnetic sensitivity of Ti I and Ca I absorption lines in Y band, from 10000 to 11000 Angstroms, versus Rossby number. The Y -band spectral region is entirely free of telluric absorption features, which typically plague infrared spectroscopy. We observed M dwarf stars at high spectral-resolution in Y band using the NIRSPEC spectrograph on the Keck II Telescope, and we supplement our data with publicly available spectra from the CARMENES survey. The targets have a range of rotation periods, masses and Rossby numbers. We find that the equivalent widths of these lines saturate in absorption for Ro < 0.1, similar to what is seen for X-rays and Hα in emission. The lines are magnetically enhanced (made deeper) due to the effect of Zeeman splitting on the curve of growth (see, for example, Basri et al. 1992) . Our results provide further ev-idence that the fundamental magnetic saturation mechanism lies at or beneath the stellar photosphere.
DATA
We collected spectra using one night of observations with the with the Near-Infrared Echelle Spectrograph (NIRSPEC) on the 10-meter Keck II Telescope located on the summit of Mauna Kea in Hawaii (McLean et al. 1998) , and combine them with publicly available data from the CARMENES Mdwarf survey (Reiners et al. 2018) . NIRSPEC is a crossdispersed echelle spectrograph covering 1.0 to 5.0 µm in multiple settings, with a maximum resolving power (λ/∆λ) of 25000. Wavelength regions within 1.0 to 5.0 µm are selected by the combination of a filter wheel and tilting/rotating motors mechanically connected to the echelle and crossdispersing grating. In 2018, NIRSPEC was upgraded to improve slit-viewing, increase overall sensitivity, and increase the simultaneous wavelength coverage in a single setting (Martin et al. 2018) . Most relevant to this work, the original 1024x1024 pixel InSb detector (20-µm pixels) was replaced with a larger and more sensitive 2048x2048 pixel HgCdTe detector (15-µm pixels). For this survey, we used the upgraded version of NIRSPEC on the night of UT 18 December 2019, the very first night of facility science operations of the upgraded instrument. The upgrade required some alternations to existing data reduction methods, which are described in Section 2.3.
NIRSPEC Target Selection
Targets for the NIRSPEC survey were chosen from Newton et al. (2017) , who combined photometric rotation periods of M dwarf targets in the MEarth transiting exoplanet survey (Charbonneau et al. 2009 ) with photometric rotation periods from the literature. We required targets to have a J magnitude of less than 11 and visibility from Mauna Kea. We then combined the measured rotational period with stellar radius, using the M Ks -to-radius relationship from Mann et al. (2015) , to determine the maximum possible v sin i . We combined trigonometric parallax measurements from ESA's Gaia Mission (Gaia Collaboration 2018) with Ks-band photometry from the TwoMicron All Sky Survey (2MASS, Skrutskie et al. 2006) to determine M Ks for each target. We limited our targets to those with a maximum possible v sin i of 12 km s −1 , corresponding to the instrumental resolving power of NIRSPEC. We did this so that the rotational broadening would not significantly affect the resulting spectra. This resulted in 102 targets for the NIRSPEC sample. We then estimated their masses using the M Ks -to-mass relationship from Mann et al. (2019) .
The sample of M dwarfs from which we draw our targets for the NIRSPEC observations has been subject to substantial investigation by the MEarth team to identify known binaries. Newton et al. (2017) , and convective turnover time was calculated using relations from Wright et al. (2011). In that sample, data from the literature was used to identify eclipsing, visual, or spectroscopic binaries. Eclipsing binaries identified in the MEarth photometry (e.g. Dittmann et al. 2017; Winters et al. 2018 ) and in spectroscopic data identified through follow-up of MEarth targets (Newton et al. 2017) were noted. Stars overluminous for their color or spectroscopic properties based on relations from Newton et al. (2015) and Dittmann et al. (2016) were also noted as potential binaries. We selected only those stars not tagged as binaries or potential binaries. We note that the stellar binary fraction of M dwarfs (27% Winters et al. 2019 ) is significantly lower than for higher mass stars.
NIRSPEC Observations
Of the 102 identified for NIRSPEC observations, we observed 30 on UT 2018 December 18. Conditions were photometric with an average seeing of 1. 6. We used the NIRSPEC-1 mode and the 0. 432 x 12. 00 slit, which covers Y band, roughly 9800 to 11000 Angstroms, at a resolving power of R = λ/∆λ = 25000. We acquired spectral dark images, flat-field images and wavelength-calibrating arc-lamp images following the standard NIRSPEC observing procedure at the beginning of the night. We achieved a signal-to-noise ratio of between 60 and 100 across Y band for each target.
In addition to the 30 M dwarf targets, we also acquired spectra of a rapidly rotating A0 star, HD 43607, to provide a featureless spectrum for general calibration purposes. We observed all targets following an ABBA dither pattern on the slit, and read out the detector using multiple-correlated nondestructive double sampling (i.e. Fowler sampling, Fowler & Gatley 1990) . Subtracting the AB (and BA) pairs removes detector fixed patterns and slowly varying background emission.
NIRSPEC Reduction
We reduced the data using a combination of the NIRSPEC Data Reduction Pipeline (NSDRP) software package (Tran et al. 2016) , updated for the upgraded version of NIRSPEC, and custom routines. The NSDRP software package accepts spectral flat fields, arc-lamp images and an AB pair of science observations, and returns a series of reduced data products. The software performs dark subtraction on the flat-field images, and divides the subtracted AB pair by the resulting flatfield image. Following the flat fielding, the software operates on each spectral order independently, rectifying the echellegram to remove curvature of the order and the slit tilt, producing a mean slit profile for each order and summing pixels across the regions of the slit profile that contain the target (one region for the A image, one region for the B image) to produce spectra, then combines the A and B spectra into a single spectrum. The software then processes the arc-lamp images to provide a wavelength solution for each order. The program returns a two-dimensional rectified image, profile, spectrum and uncertainty for each order.
To improve signal-to-noise and bad-pixel rejection, we did not use the spectra returned by NSDRP and instead performed "optimal extraction" on the two-dimensional rectified images outputted by NSDRP for each order (see Horne 1986; Cushing et al. 2004 , for a description of optimal extraction). As an optimal profile, we used the slit profile returned by NSDRP for each order. For each wavelength of each order, we fit the respective slit profile to the rectified image, allowing the normalization and additive offset of the profile to vary. The offset accounts for any remaining background that was not removed by the AB subtraction. After an initial fit, we removed data points that differed by more than 3σ from the fitted profile, then refit the profile. This approach rejected bad pixels (both "hot" pixels and "dead" pixels) from contaminating an entire wavelength bin.
Upon inspection of the resulting spectra, we found strong interference fringing effects with wavelength. The fringing is attributed to the combination of the order-sorting filter and the long-wavelength blocking filter in the NIRSPEC-1 mode, neither of which was replaced during the 2018 upgrade. To remove the fringing, we followed the same approach as Veyette et al. (2017) . We Fourier transformed the spectrum of the featureless A0V star to find the frequencies of the fringes. We filtered the fringe frequencies in Fourier space with a FIR notch filter based on a Hanning window with a width of 6 × 10 −3 pix −1 . Following this procedure, we inspected the resulting A0V spectrum and found no evidence of fringing. We then applied an identical procedure to the 30 spectra.
CARMENES Spectra
CARMENES involves the combination of visible and nearinfrared high-resolution spectrographs (Quirrenbach et al. 2016) . The near-infrared spectrograph in CARMENES covers 9600 to 17100Å with a resolving power of 80400. Reiners et al. (2018) describe publicly available spectra of 324 M dwarf stars from the CARMENES survey. We downloaded the CARMENES near-infrared spectra from the CARMENES data archive. 1 For each CARMENES order within Y band, we convolved the data with a Gaussian kernel corresponding to an R=25000 spectrograph. Prior to convolution, the signal-to-noise of each publicly available spectrum was between 50 and 150 for each target. The CARMENES data contained several gaps in wavelength coverage. As we note below, we were unable to measure the equivalent width of one of the deep Ti I lines due to these gaps.
Díez Alonso et al. (2019) report rotational periods for 142 M dwarfs in the CARMENES survey, combining literature measurements with new photometric measurements. We chose to analyze targets with literature rotational periods, as we considered those to be the most reliable. Reiners et al. (2018) contains measurements of the v sin i of each spectrum, and as with the NIRSPEC data, we limited the sample to those with v sin i of less than 12 km s −1 . We determined the masses and radii of the stars in the same manner as with the NIRSPEC sample. Lastly, we visually inspected the resulting CARMENES spectra and removed one object owing to a significant amount of noise. Following these cuts, we were left with 44 M dwarfs in the CARMENES sample. Four of the 30 targets observed by NIRSPEC also have CARMENES data-HD 285968, G 99-49, V* YZ CMi, G 195-36-resulting in 70 total objects with spectra in this work. We used these objects to assess our uncertainties in measured equivalent widths. Table 1 lists the target properties and Figure 1 shows the full target sample and the observed targets versus rotational period and Rossby number for all 70 M dwarfs. Convective turnover time was calculated using relations from Wright et al. (2011) . The M dwarfs cover a reasonable spread of masses, rotational periods and Rossby numbers. 
ANALYSIS
For the combined 70 M dwarfs, we measured the equivalent widths of 10 Ti I lines originally identified by Veyette et al. (2017) as tracers of Ti abundance in M dwarf stars. We used the analyze NIRSPEC1 software pipeline to measure equivalent widths, available on GitHub. See Veyette et al. (2017) for a detailed description of the method for measuring equivalent widths, which we briefly summarize here. Spectra of M dwarf stars contain significant molecular features across all wavelengths, which result in a pseudocontinuum useful for measuring equivalent widths. In Y band, the dominant source of molecular opacity is FeH.
First, we cross-correlated each spectrum with synthetic spectra from the BT-Settl atmosphere database (Allard et al. 2012 ) in order to remove any radial velocity shifts. To estimate the pseudocontinuum, first we removed high-frequency variations in the spectrum with a second-order Savitzky-Golay filter with a window length of five pixels (Savitzky & Golay 1964) . We then applied a running maximum filter with a width of seven resolution elements to establish a ceiling to the features. Lastly, we fitted a sixth-order Chebyshev polynomial to the filtered spectrum, which was taken as the pseudocontinuum for measuring equivalent widths.
Of the 10 Ti I lines identified by Veyette et al. (2017) , we report on the six deepest lines for the NIRSPEC data and five lines for the CARMENES data. Both the NIRSPEC and CARMENES data also include a deep Ca I line, which we also report. Table 2 displays the properties of these six lines, which we refer to as Ti I (1) to Ti I (6). The CARMENES data is missing the Ti I (5) line due to gaps in the publicly available spectra near the edge of the line.
The line properties were retrieved from the Third Vienna Atomic Line Database (VALD3 Piskunov et al. 1995; Ryabchikova et al. 2015) , and the line data originates from Kurucz (2010) . All of the Ti I lines have similar lower energy states, but with a range of absorption cross-sections, parameterized as the log of the transition oscillator strength (f) times the statistical weight (g), and effective Landé g factors.
For the four stars with both NIRSPEC and CARMENES data, we used the differences in the equivalent width determinations as a rubric for uncertainties. Figure 2 plots the equivalents widths measured from NIRSPEC data ver-sus those measured from CARMENES data for the same stars. The CARMENES equivalent widths are systematically lower than the NIRSPEC equivalent widths by 0.011Å, and the standard deviation of the differences is 0.018Å. Since the systematic difference is within the standard deviation, we do not apply any corrections to the CARMENES equivalent widths. We adopt 0.018Å as the uncertainty in all equivalent width measurements. We adopt this value as a conservative estimate of the typical uncertainties, as it incorporates systematic errors in the equivalent width calculation that are Figure 2 . Equivalent widths of Ti I and Ca I lines in Y band measured using NIRSPEC data versus CARMENES data on the same stars. The dashed line represents a one-to-one correspondance. The CARMENES equivalent widths are systematically lower than the NIRSPEC equivalent widths by 0.011Å, and the standard deviation of the differences is 0.018Å. difficult to include via canonical error propagation. All of the spectra have similar signal-to-noise values and we do not expect much variation in the equivalent width uncertainties between objects. Fig. Set 3. Y -Band Spectra Figure 3 and the accompanying online figure set show the resulting continuum-normalized and zero-velocity spectra as well as the lines used in this work. Table 3 lists the resulting equivalent widths for the six Ti I lines and one Ca I line. (Piskunov et al. 1995; Ryabchikova et al. 2015) . Line data originates from Kurucz (2010) . Figure 4 , but with stellar mass on the x-axis and colored by Rossby number. There is some mass/temperature dependence to the equivalent widths; however, at fixed mass, we see an increase in equivalent width with Rossby number. Table 3 continued Table 3 continued Figure 4 clearly show an increase in Ti I equivalent widths with decreasing Rossby number despite the appearance of several outlying measurements. Visual inspection suggests that the equivalent widths saturate for Ro 0.1, as is seen in Hα, X-ray emission and FeH broadening, for most of the lines analyzed. We attribute the trend and saturation to magnetic enhancement of the lines. For deep absorption lines with saturated line cores (saturation here referring to the physical saturation of the line core, not the saturation of equivalent width with Rossby number), Zeeman splitting can dramatically increase the line equivalent width, even if the total number of absorbing atoms remains the same. This effect occurs prior to stellar rotational broadening and instrumental broadening, so the effect of increased equivalent width can occur in lines that do not appear saturated in measured spectra, even if they have saturated line cores, as is the case here. Figure 5 is identical to Figure 4 , except with mass on the x-axis and points colored by Rossby number. We see some equivalent width dependence on stellar mass (and correspondingly effective temperature); however, at fixed mass, the increase and saturation with equivalent width with Rossby number is evident, especially around 0.3 M .
We note that several objects appear as outliers in 4. For Ti I (6), the CARMENES spectra of G 144-25, HD 216899 and Ross 248 appear to be contaminated by bad pixels, leading to erroneously large equivalent width determinations. Similarly, for Ti I (4), the CARMENES spectra of Wolf 1069 and Ross 248 appear to be contaminated by bad pixels, resulting in erroneous equivalent width determinations.
The Curve of Growth
Since the Ti I lines originate from the same atomic species and ionization state, and the energies of the lower and upper states are similar, they can be plotted on a "curve-ofgrowth" diagram, showing equivalent width versus log(gf ). Figure 6 shows the resulting curve-of-growth diagrams for the lines, colored by stellar mass and by Rossby number (Ro). Whereas the curves of growth do not show a clear dependence on stellar mass, they do show a dependence on Rossby number.
The relatively small increase in equivalent width versus gf (a factor of two in equivalent width versus a decade in gf ) suggests that all six lines are located in either the saturated regime or the damping regime of the curve of growth, not the linear regime. Lines in the saturated or damping regime are especially susceptible to magnetic enhancement via Zeeman splitting: as saturated lines split, the equivalent width increases. The location on the curve of growth is further evidence that the increase in equivalent width with Rossby number is due to magnetic enhancement and not a non-magnetic source, which we explore further in the next section. Figure 6 . Equivalent width versus the log of the oscillator strength f times the number of degenerate states g (the "curve of growth") for the six Ti I lines in this study, colored by stellar mass (top) and by log of the Rossby number (bottom). Measurements from NIRSPEC data are circles and measurements from CARMENES data are squares. The sub-linear increase in equivalent width with gf suggests the lines are in the saturated or damping regime and are therefor subject to magnetic enhancement.
It is curious that the spread in equivalent width values for a given line in Figure 6 does not appear to depend on the effective Landé g factor (g eff ) of the corresponding transition. The lines with the lowest g eff , Ti I (5) and Ti I (6), both under 1, show just as much of a spread in equivalent width as the transitions with Landé g factors greater than 1. We cannot explain this apparent lack of dependence on g eff . We note that the g eff factors for these particular Ti I lines are well known. Ti I lines with similar lower and upper energy levels have been used in previous investigations of magnetic fields on M dwarfs (Shulyak et al. 2017 and Ti I (2) has been used to measure magnetic fields on sunspots (Shulyak et al. 2010) . We leave a detailed investigation into the magnetic field strength associated with the observed Zeeman enhancement to a future paper.
We note that the equivalent widths show no obvious correlation with stellar mass, and correspondingly, stellar effective temperature. Being in the saturated regime of the curve of growth, the equivalent widths should be relatively insensitive to temperature, as the column density of Ti I atoms in these particular electron configurations should have a weak impact on the measured equivalent width. Indeed, in Figure 5 , we see a weak dependence on stellar mass.
Non-magnetic Sources for the Trend
We rule out the following sources for the trend in equivalent width versus Rossby number: rotational broadening, Ti abundance, and mass/temperature/gravity. Regarding rotational broadening, objects were specifically chosen such that rotational broadening would not significantly affect the resulting line profiles. We also argue that Ti abundance cannot be responsible either, although differences in Ti abundance may well be responsible for the scatter. Ti abundance does not explain the saturation seen for Ro 0.1, consistent with Hα and X-ray emission.
Temperature, mass and surface gravity are other potential explanations for the trends and saturation; however, we include a wide range of stellar masses (and corresponding temperatures and surface gravities) in this sample. In Figure 5 , we see similar behavior in equivalent width versus Rossby number as a function of mass. We therefore rule this out as an explanation.
Saturation Value
We aim to compare the saturation behavior of Ti I equivalent widths to chromospheric and coronal emission. For each of the six lines, we fit a function to the equivalent width versus Rossby number using same function form used for Hα and X-ray emission (Newton et al. 2017; Wright et al. 2011 Wright et al. , 2018 :
where C is fixed to a constant to ensure continuity between regimes. We note that in Figure 4 , the equivalent widths are on a linear scale; whereas chromospheric and coronal emission are often varying on a logarithmic scale, resulting in very different values for β. For each line, we fit this functional form to the data using a Levenburg-Marquardt optimization routine (Levenberg 1944; Marquardt 1963) . We removed the outliers discussed above from the fitted data. In order to correct for the small variations in equivalent width with stellar mass, as seen in Figure 5 , we limited our targets to those with masses between 0.25 and 0.35 M in the fitting routine. Figure 7 shows the resulting fits and Table 4 lists the resulting values. We include a calculation of the difference in Bayesian Inference Criterion (BIC, Schwarz 1978) between the fitted saturation model and a fitted loglinear model (i.e. a line versus log Ro). The BIC parameter favors models with better fit the data while penalizing models for excessive model parameters. Values lower than -10 indicate a strong preference for the saturation model, values between than -10 and 0 indicate weak-to-no preference, and values between 0 and 10 indicate weak-to-no preference for the log-linear model. The saturation model is strongly preferred for Ti I (1), (2), and (3). For Ca I and Ti I (4) and (6) the saturation model is weakly preferred, and for Ti I (5) a log-linear model is somewhat preferred. We find a remarkably similar saturation value of Ro for all of the Ti I lines near Ro = 0.1. The saturation values are similar to what is seen in chromospheric saturation of M dwarf stars. Newton et al. (2017) found a value of Ro sat = 0.21 ± 0.02 for saturation of Hα with Rossby number, and Wright et al. (2018) found a value of Ro sat = 0.14 +0.08 −0.04 for X-ray emission for fully convective M dwarfs. Douglas et al. (2014) found a value of 0.11 +0.02 )−0.03 for K and M dwarfs in the Hyades cluster. The similarity in saturation value for the Ti I equivalent widths and Hα and X-ray emission provides strong evidence that the Ti I lines are magnetically enhanced.
DISCUSSION
In the context of existing measurements of magnetic fields for large samples of cool stars (e.g. Reiners et al. 2009; Shulyak et al. 2019; Afram & Berdyugina 2019) , we argue the impact of this work is the empirical detection of saturation of a photospheric signature with Rossby number. Previous efforts in this area have involved complex modeling of spectra to determine magnetic field strengths; however, the conversion from spectra to magnetic field is not straightforward, and the authors are unaware of a clear detection of saturation in equivalent width in absorption with Rossby number for M dwarfs in the literature. As for the physical source of the Zeeman enhancement, it is unclear whether it arises Figure 4 , but including model fits to the saturation with Rossby number (dashed lines). We also limit the targets to those with masses between 0.25 and 0.35 M , where we have a wide range of Rossby numbers in our sample, to reduce the effect of stellar mass and tempearture. from isolated magnetic spots, a global magnetic field, or a combination of the two.
In combination with the results on FeH lines from Reiners et al. (2009) , these results strongly suggest that the saturation mechanism occurs at or below the stellar photosphere and not the chromosphere or corona. That is to say the magnetic fields in the photosphere itself are saturated. However, the fundamental nature of that mechanism remains a mystery. The saturation may well be the fundamental conversion of rotational/convective sheering into a magnetic field in the first place.
Metallicity
Recently, Passegger et al. (2019) made the important point that using magnetically sensitive lines may corrupt metallicity determinations unless Zeeman enhancement is modelled. In their work, they determined metallicities of M dwarfs in the CARMENES data using model atmospheres and magnetically insensitive lines. Shulyak et al. (2019) made a similar point, stating that measurements of magnetic field strength using Zeeman enhancement require an estimate of the metallicity. In this work, we side step the issue of measurement metallicity or magnetic fields, instead focusing on the observational evidence for a saturation mechanism at or below the M dwarf photosphere. However, metallicity may add to the scatter in Figure 4 .
Nevertheless, it is important to discuss the implications this work has for metallicity determinations. Veyette et al. (2017) and Veyette & Muirhead (2018) used the same Ti I lines to determine the α enrichment of M dwarf stars and measure chemical-kinematic ages of exoplanet hosts without considering magnetic effects. However, Veyette et al. (2017) found that M dwarfs known to have enhanced Ti (based on the Ti content of FGK companions) did in fact show larger Ti equivalent widths and followed the equivalent width-metallicity trends expected from non-magnetic stellar atmosphere models (see their Figure 4 ). That is to say: without considering magnetic effects, Veyette et al. (2017) found that equivalent widths of Ti I lines trace Ti abundance. In this work, without considering metallicity effects, we find that equivalent widths of Ti I lines trace magnetic enhancement. Combining these results, it appears that magnetic enhancement is a source of scatter in the metallicity relations, and vice versa: metallicity is a source of scatter in magnetic enhancement. This is entirely empirical: we see these trends without employing any M dwarf atmospheric models, which are subject to their own peculiar systematic errors.
Radius Inflation
This work is part of a larger paper series on the nature of discrepancies between modelled and measured radii of M dwarf stars and what role, if any, magnetic fields play in that discrepancy ("Magnetic Inflation and Stellar Mass", Han et al. 2017; Kesseli et al. 2018; Healy et al. 2019; Han et al. 2019) . A prominent theory for the discrepancies involves magnetic inhibition of convection in the outer, superadiabatic layer of the star (Chabrier et al. 2007 ). If the magnetic fields in the photosphere saturate, as implied by our results, it suggests that M dwarfs of similar masses in the saturated regime (Ro 0.1) should have the same degree of radius inflation with respect to a fiducial value: either predictions from non-magnetic evolutionary models or non-active M dwarfs with high Rossby number.
